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In central mammalian neurons, activation of metabo-
tropic glutamate receptor type1 (mGluR1) evokes a
complex synaptic response consisting of IP3 recep-
tor-dependent Ca2+ release from internal Ca2+ stores
and a slow depolarizing potential involving TRPC3
channels. It is largely unclear how mGluR1 is linked
to its downstream effectors. Here, we explored the
role of stromal interactionmolecule 1 (STIM1) in regu-
lating neuronal Ca2+ signaling and mGluR1-depen-
dent synaptic transmission. By analyzing mouse
cerebellar Purkinje neurons, we demonstrate that
STIM1 is an essential regulator of the Ca2+ level in
neuronal endoplasmic reticulum Ca2+ stores. Both
mGluR1-dependent synaptic potentials and IP3 re-
ceptor-dependent Ca2+ signals are strongly attenu-
ated in the absence of STIM1. Furthermore, the
Purkinje neuron-specific deletion ofStim1 causes im-
pairments in cerebellar motor behavior. Together, our
results demonstrate that in the mammalian nervous
system STIM1 is a key regulator of intracellular Ca2+
signaling, metabotropic glutamate receptor-depen-
dent synaptic transmission, and motor coordination.
INTRODUCTION
The metabotropic glutamate receptor type 1 (mGluR1) is one of
the most abundantly expressed mGluRs in the mammalian cen-
tral nervous system (Lein et al., 2007). In various brain regions,
mGluR1 is required for different forms of activity-dependent
synaptic plasticity and is thus important for learning andmemory
formation, cognition, emotional behaviors, and motor functions
(Lu¨scher and Huber, 2010; Niswender and Conn, 2010). Thehighest expression level of mGluR1 in the brain is found in
Purkinje neurons (PNs), the principal neurons of the cerebellar
cortex (Lein et al., 2007; Shigemoto et al., 1992). Sensorimotor
integration in the cerebellar cortex decisively depends on intact
mGluR1-dependent synaptic transmission at parallel fiber syn-
apses of PNs. In humans, cerebellar functions like motor coordi-
nation are heavily impaired by autoantibodies against mGluR1
(Coesmans et al., 2003). In mice, genomic deletion of mGluR1
leads to severe symptoms of ataxia (Aiba et al., 1994) that is
alleviated by the exclusive expression of mGluR1 in Purkinje
neurons (Ichise et al., 2000). Binding of glutamate to post-
synaptic mGluR1 activates two major intracellular signaling
pathways. First, by coupling to Gaq (Hartmann et al., 2004),
mGluR1 activates phospholipase C and thus induces the gener-
ation of inositoltrisphosphate (IP3). Cytosolic IP3 will then open
IP3-receptor channels and thereby mediate release of Ca
2+
ions from intracellular endoplasmic reticulum (ER) Ca2+ stores.
In Purkinje neurons, IP3-dependent Ca
2+ release from ER stores
is most effectively triggered by the repetitive stimulation of
afferent parallel fibers (Finch and Augustine, 1998; Takechi
et al., 1998). IP3 receptor-dependent Ca
2+ release in dendritic
spines plays a key role for activity-dependent synaptic plasticity,
such as long-term depression (LTD), and motor learning (Miyata
et al., 2000). Accordingly, impairments in the signal transduction
pathway, including loss of Gaq (Hartmann et al., 2004; Offer-
manns et al., 1997), PLCb4 (Hashimoto et al., 2001), or IP3 recep-
tors (Inoue et al., 1998; Matsumoto et al., 1996), result in a pro-
nounced cerebellar ataxia. The second signaling pathway that
is concomitantly activated by mGluR1 underlies the generation
of a slow excitatory postsynaptic potential (sEPSP) (Batchelor
et al., 1994). It has been shown that sEPSPs are also dependent
on Gaq (Hartmann et al., 2004) and that they are mediated by
the transient receptor potential channel TRPC3 (Hartmann
et al., 2008). Impairments in TRPC3-mediated signaling cause
major defects in Purkinje neuron function and cerebellar motor
behavior (Becker et al., 2009; Hartmann et al., 2008). Similar
deficiencies in motor control can be observed when the IP3Neuron 82, 635–644, May 7, 2014 ª2014 Elsevier Inc. 635
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Figure 1. Expression Patterns of Stim1/2 in
the Cerebellum and Single PNs
(A) Agarose gel electrophoresis of the Stim1 (top)
and Stim2 (bottom) amplicons from single PN
somata (left) and from the surrounding neuropil
(right). The gene-specific standard (500 copies)
was used as a positive control.
(B) Copy numbers of Stim1 and Stim2 mRNA de-
tected in 1 ng total RNA of mouse cerebellum.
(C) Real-time monitoring of the fluorescence
emission of SYBR Green I during the PCR ampli-
fication of Stim1 (left) and Stim2 (middle) cDNA
from single PNs. Right: copy numbers of tran-
scripts of Stim1/2 in single PNs.
(D) Confocal images of the cerebellum stained for
Calbindin D28k (green, left) and for STIM1 (red,
middle). Right: merged images (ML, molecular
layer; PNL, PN layer; GL, granular layer).
Values are shown as mean ± SEM. *p < 0.05; ** p <
0.01 by t test.
Neuron
STIM1 Controls Neuronal Ca2+ Stores and mGluR1receptor-dependent signaling pathway is interrupted (Matsu-
moto et al., 1996). The similarity of the cellular and behavioral
alterations suggests the existence of a strong link between the
two pathways.
In nonexcitable cells and heterologous expression systems,
both IP3R-dependent Ca
2+ stores (Liou et al., 2005; Luik et al.,
2006; Mercer et al., 2006; Wu et al., 2006) and the gating of
TRPC channels are controlled by the stromal interaction mole-
cule 1 (STIM1) (Liou et al., 2005; Muik et al., 2008; Roos et al.,
2005; Zeng et al., 2008). STIM1 is a type I transmembrane pro-
tein that was originally identified in immune cells (Oritani and
Kincade, 1996) and found to be structurally highly conserved
from Drosophila to humans (Williams et al., 2001). In mammals,
STIM1 is widely expressed in various tissues, including the brain.
It is particularly abundant in the cerebellum and the hippocam-
pus (Klejman et al., 2009; Lein et al., 2007), both brain regions
that are also enriched in group I mGluRs and TRPC channels
(Lein et al., 2007). On the cellular level, expression of STIM1
is particularly strong in PNs (Dziadek and Johnstone, 2007;
Klejman et al., 2009; Skibinska-Kijek et al., 2009; Stiber et al.,
2008). STIM1 localizes primarily to the membrane of the ER
(Liou et al., 2005; Roos et al., 2005), where its luminal N terminus
functions as a Ca2+ sensor (Williams et al., 2001, 2002).When the
Ca2+ concentration in the ER lumen decreases, STIM1 mole-
cules cluster (Wu et al., 2006) and activate Orai channels in
the plasma membrane (Muik et al., 2008; Park et al., 2009;
Xu et al., 2006). Ca2+ ions entering the cytosol through these
store-operated Ca2+-permeable channels are transported into636 Neuron 82, 635–644, May 7, 2014 ª2014 Elsevier Inc.the ER through sarcoendoplasmic reticu-
lum Ca2+-ATPases (SERCA) (Feske et al.,
2006; Prakriya et al., 2006; Yeromin et al.,
2006). Furthermore, there is evidence that
in nonneuronal cells STIM1 can directly
gate TRPC channels (including TRPC3)
by intermolecular electrostatic interac-
tions (Zeng et al., 2008). The molecular
bases of the interactions between STIM,Orai, and TRPC molecules are under intensive investigation
(DeHaven et al., 2009; Liao et al., 2008; Ong et al., 2007; Zeng
et al., 2008). In light of these interesting observations in non-
neuronal cells, we explored the role of STIM1 in neuronal
intracellular Ca2+ signaling and mGluR1-dependent synaptic
transmission.
RESULTS
First, we determined mRNA expression of Stim1 and its close
homolog Stim2 (Williams et al., 2001) in whole-mouse cerebella
and individual PN somata by quantitative real-time PCR (Durand
et al., 2006; Hartmann et al., 2004, 2008) and reliably detected
transcripts for Stim1 and Stim2 in PNs, but not in the neuropil
surrounding the PN layer, which was used as negative control
(Figure 1A). In whole cerebellum, mRNA levels of Stim1 were
higher than those of Stim2 (Figure 1B; 2,697 ± 334 copies/ng
mRNA for Stim1 versus 1,700 ± 24 for Stim2, n = 3 cerebella),
a difference that was more pronounced at the level of single
PNs (Figure 1C; 103 ± 71 copies of Stim1 mRNA/PN versus
11 ± 8 of Stim2, n = 23 and 14 PNs, respectively). In accordance
with this transcription pattern, STIM1 protein is present in PN
somata and dendrites as revealed by immunostaining (Fig-
ure 1D). The finding that in PNs, STIM1 is more abundant
than STIM2 is surprising, as it contrasts with previous results in
hippocampal (Berna-Erro et al., 2009) and cortical neurons
(Gruszczynska-Biegala et al., 2011), where STIM2 levels exceed
those of STIM1.
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Figure 2. Characterization of the PN-Spe-
cific STIM1 Knockout Mouse Line
(A) Confocal images of a STIM1pko cerebellum
stained for Calbindin D28k (green, left) and for
STIM1 (red, middle). Right: merged images.
(B) Left: percentage of steps with hindpaw slips
during runs on an elevated horizontal beam (n = 4
mice per genotype). Right: time spent on the
accelerating rotarod for control (n = 4) and
STIM1pko mice (n = 8).
(C) Left: blockade of parallel fiber-evoked fast
EPSC in a STIM1pko mouse by CNQX (40 mM).
Right: summary graph of EPSC blockade by
CNQX (n = 3 PNs).
(D) Mean decay time constants derived from
monoexponential fits to EPSC time courses in
control (n = 54 EPSCs in 11 inputs, 3 PNs) and
STIM1pko mice (n = 60 EPSCs in 15 inputs, 4 PNs).
(E) Superposition of paired parallel fiber EPSCs
evoked at intervals of 50, 100, 200, and 500ms in a
control (top) and a STIM1pko mouse (bottom).
Right: degree of paired pulse facilitation as a
function of interstimulus interval (ISI) in control
(n = 7 PNs) and STIM1pko (n = 14 PNs) mice. Values
are shown asmean ± SEM. *p < 0.05; ** p < 0.01 by
t test. Here, and in all of the following figures,
traces and bar graphs from control mice are in
blue, and those from STIM1pko mice are in red.
Neuron
STIM1 Controls Neuronal Ca2+ Stores and mGluR1To elucidate the functional role of STIM1 in PNs, we generated
mice that lack STIM1 selectively in PNs (STIM1pko) by excising
exon 6 (which encodes the transmembrane domain of STIM1;
Sabbioni et al., 1999) of the Stim1 gene using a mouse line in
which Cre is expressed under the control of a promoter specific
for the expression of Grid2 (encoding the GluD2 receptor sub-
unit; Grid2Cre mice; Yamasaki et al., 2011). Immunostaining in
these STIM1pko mice showed preservation of STIM1 expression
in the granular layer (GL) but its absence in the PN layer (PNL)
and the molecular layer (ML), which contains the dendrites
of PNs (Figure 2A). We verified that the PN-specific deletion of
Stim1 did not interfere significantly with the expression of
mGluR1-associated genes (Figure S1 available online) and pro-
teins (Figure S2). STIM1pko mice had no obvious motor deficits
under standard cage conditions. However, when walking on a
thin (1 cm) elevated beam, a test that probes cerebellar function
(Hartmann et al., 2004), STIM1pko mice performed poorly with a
significantly higher number of hindpaw slips compared to control
littermates (Figure 2B, left). In addition to that, STIM1pko mice
exhibited impaired motor learning. Thus, in repeated sessions
on an accelerating rotarod device, they showed little improve-
ment in comparison to control mice, which after 4–5 sessions
managed to stay on the turning rod for significantly longer time
periods than did STIM1pko mice (Figure 2B, right). Together,Neuron 82, 635–these results indicate that the deletion of
STIM1 in PNs causes distinct alterations
in motor behavior.
Cerebellar motor deficits can result
from impaired transmission and plasticity
at glutamatergic synapses (Ito, 2006).Therefore, we first analyzed AMPA receptor-mediated fast syn-
aptic excitation in STIM1pko mice by performing whole-cell
recordings of parallel fiber-evoked excitatory postsynaptic
currents (EPSCs) in acute cerebellar slices. As in control condi-
tions (Konnerth et al., 1990), single stimulation-evoked EPSCs
in STIM1pko mice were sensitive to the AMPA receptor antago-
nist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 40 mM; Fig-
ure 2C). The time course of the EPSCs was highly similar in
mutant and control animals (Figure 2D). Furthermore, paired-
pulse facilitation, a characteristic form of presynaptic short-
term plasticity (Atluri and Regehr, 1996) in parallel fiber-PN
synapses (Konnerth et al., 1990), was not altered in the absence
of STIM1 (Figure 2E; n = 14 PNs in STIM1pko and n = 7 PNs in
control mice). Thus, AMPA receptor-mediated transmission
is not affected by loss of STIM1 in PNs, and also presynaptic
glutamate release is normal.
Cerebellar function critically relies on mGluR1 that is ex-
pressed at high density at PN excitatory synapses (Ichise
et al., 2000; Lein et al., 2007). For investigating the role of
mGluR1 activation at parallel fiber synapses, we combined
whole-cell recordings with confocal Ca2+ imaging (Hartmann
et al., 2008; Takechi et al., 1998). Parallel fibers were repetitively
stimulated (5 3 10 V, 200 Hz) in the presence of 10 mM CNQX
(Figure 3A), a concentration that causes a partial block of644, May 7, 2014 ª2014 Elsevier Inc. 637
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Figure 3. mGluR1-Mediated Synaptic
Signaling in the Absence of STIM1
(A) Synaptic responses evoked by short high-fre-
quency parallel-fiber bursts (five pulses, 200 Hz),
with 10 V (left) and 25 V (right) stimulation strength,
in the presence of 10 mM CNQX in control mice.
Top traces: relative changes in OGB1 fluores-
cence (DF/F). Bottom traces: somatically recorded
EPSCs. The circled numbers indicate the follow-
ing components: (1) AMPAR-dependent fast
EPSC (fEPSC); (2) mGluR1/TRPC3-dependent
slow EPSC (sEPSC); (3) AMPAR-dependent early
Ca2+-signal; and (4) mGluR1-dependent slow
Ca2+-signal.
(B) Similar experiment performed with a STIM1pko
mouse.
(C) Summary results: Left: mean ratio of sEPSC
and fEPSC amplitudes (control mice: 37 ± 7, for
10 V, 32 ± 8 for 25 V; STIM1pko mice: 1 ± 1 for 10 V,
6 ± 5 for 25 V). Middle: mean amplitude of the
delayed mGluR-mediated component of relative
fluorescence changes (control mice: 87%±7% for
10 V, 104% ± 16% for 25 V; STIM1pko mice: 2% ±
1% for 10 V, 9% ± 9% for 25 V). Right: mean
amplitude of the fast AMPAR-mediated compo-
nent of relative fluorescence changes (DF/FAMPAR)
normalized to the corresponding fEPSC ampli-
tudes (control mice: 0.048 ± 0.011; STIM1pkomice:
0.018).
Values are shown as mean ± SEM. *p < 0.05; ** p <
0.001 by t test.
Neuron
STIM1 Controls Neuronal Ca2+ Stores and mGluR1AMPA receptor-mediated transmission in PNs (Hartmann et al.,
2008). In these conditions (Hartmann et al., 2008), mild stimula-
tion (10 V) produces fast excitatory postsynaptic currents
(fEPSCs) mediated by AMPA receptors (Takechi et al., 1998),
followed by slow excitatory postsynaptic currents (sEPSCs)
that depend on mGluR1 (Batchelor et al., 1994; Takechi et al.,
1998) and are mediated by TRPC3 (Hartmann et al., 2008) (Fig-
ure 3A). In addition, repetitive stimulation evoked a monophasic
dendritic Ca2+ transient that was restricted to the site of stimula-
tion (Takechi et al., 1998) (Figure 3A; n = 14/8 inputs/Ps). This
Ca2+ transient is mediated by IP3 receptor-dependent Ca
2+
release from ER stores downstream of the activation of mGluR1
(Hartmann et al., 2008; Takechi et al., 1998). In STIM1pko mice,
the sEPSC is virtually absent (Figures 3B and 3C; n = 21/11 in-
puts/PNs). Stronger stimulation (25 V), which recruits more
parallel fibers (Konnerth et al., 1990), produced a characteristic
biphasic Ca2+ response consisting of an early AMPA receptor-
dependent component, followed by a mGluR1-dependent slow
component (Takechi et al., 1998) (Figure 3A; n = 9/6 inputs/
PNs). Importantly, in STIM1pko mice, the same stimulation again
produced a much reduced mGluR1-dependent Ca2+ signal but
a normal early AMPAR-dependent component (Figure 3B, c;
n = 21/11). Interestingly, not only the Ca2+ signals but also the
corresponding postsynaptic electrical responses were strongly
changed in the mutants. Thus, whereas fEPSCs were un-
changed in the absence of STIM1 (Figure 3B), sEPSCs were
virtually abolished (Figures 3B and 3C).
In line with the absence of synaptically evoked Ca2+
release signals from ER stores, the dendritic application of the638 Neuron 82, 635–644, May 7, 2014 ª2014 Elsevier Inc.mGluR1-agonist dihydroxyphenylglycine (DHPG) produced an
inward current and a local Ca2+ transient in control, but not in
STIM1pko, mice (Figures 4A and 4B; control: n = 17 dendritic re-
gions in 8 PNs; STIM1pko: n = 20 dendritic regions in 7 PNs).
Next, we tested the responsiveness of ER Ca2+ stores to IP3
by local intradendritic photolysis of NPE-caged IP3 (myo-inositol
1,4,5-triphosphate, P4(5)-1-(2-nitrophenyl)ethyl ester; 400 mM)
using a tapered lensed optical fiber to deliver single UV pulses
(375 nm, 10 ms; for details see the Experimental Procedures).
Whereas in control mice this stimulation evokes large Ca2+ tran-
sients in most dendrites, the same stimulation protocol was
nearly ineffective in STIM1pko mice (Figures 4A and 4B; Ca2+
transients detected in 32/39 dendrites [19 PNs] in control versus
1/49 [12 PNs] in mutant mice). In line with this result, application
of the ryanodine receptor agonist caffeine produced large den-
dritic Ca2+ transients in control mice but only small transients
in STIM1pko mice (Figures 4C and 4D; control: n = 24 dendritic re-
gions in 14 PNs; STIM1pko: n = 20 dendritic regions in 10 PNs).
In central mammalian neurons, empty ER Ca2+ stores can be
refilled through a voltage-independent process that takes
place at resting potential spontaneously over a few minutes
and/or more rapidly through depolarization-evoked activation
of voltage-gated Ca2+ channels (see, for example, Garaschuk
et al., 1997). To investigate the role of STIM1 in refilling stores
in these two conditions, we first tested spontaneous refilling
at resting potential by monitoring DHPG-evoked Ca2+ release
signals from dendritic stores in control and in STIM1pko mice
(Figure 5). In control mice, DHPG evoked-Ca2+ release signals
were abolished when depleting Ca2+ stores by switching to
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Figure 4. Ca2+ Release fromDendritic ERCa2+ Stores Is Abolished in
the Absence of STIM1
(A) PN responses to local dendritic puff application of the group I mGluR-
agonist DHPG (200 mM;10 psi, 50 ms) in a control (blue, left) and a STIM1pko
mouse (red, right). Top traces: relative changes in OGB1 fluorescence (DF/F).
Bottom traces: somatically recorded DHPG-evoked inward current (IDHPG).
(B) Summary of the experiments shown in (A). Top: mean amplitudes of
relative OGB1 fluorescence changes (DF/F; 134% ± 19 % in control mice;
20% ± 10% in STIM1pko mice). Bottom: mean amplitudes of IDHPG (103 ± 33 in
control mice; 17% ± 8 % in STIM1pko mice).
(C) Relative changes in OGB1 fluorescence (DF/F) in response to local den-
dritic photolysis of caged IP3 in a control mouse (blue, left) and a STIM1
pko
mouse (red, right). The brightness artifacts measured during the UV light
pulses (10 ms, 375 nm) were omitted from the traces.
(D) Bar graph illustrates mean amplitudes of local Ca2+ transients recorded
in dendrites following photolytic release of IP3 (116% ± 13 % in control mice;
2% ± 2% in STIM1pko mice).
(E) Relative changes in OGB1 fluorescence (DF/F) in response to local puff
application of caffeine (80 mM, 2 s, 5 psi) in a control mouse (blue, left) and
a STIM1pko mouse (red, right). Please note that the presence of DHPG (A)
and caffeine (E) in the slice exceeds the duration of the pressure pulse by ca.
0.5–1 s.
(F) Bar graph demonstrating mean amplitudes of Ca2+ transients evoked
by local caffeine applications depicted in (C) (73% ± 7% in control mice;
19% ± 8% in STIM1pko mice).
Values are shown as mean ± SEM. *p < 0.05; ** p < 0.001 by t test.
Neuron
STIM1 Controls Neuronal Ca2+ Stores and mGluR1Ca2+ free extracellular perfusion media. DHPG-evoked Ca2+
release signals recovered within a few minutes after returning
back to Ca2+ containing extracellular perfusion media and per-
sisted for the remaining duration of the experiment (Figures 5A
and 5C). By contrast, in STIM1pko mice, DHPG applications
completely failed to evoke Ca2+ transients before, during, and
after the perfusion with Ca2+-free extracellular media (Figures
5B–5D). In a second set of experiments, we explored whether
and how Ca2+ entry through voltage-gated Ca2+ channels can
refill stores (Figure 6). Voltage-gated Ca2+ channels are abun-
dantly expressed in dendrites of PNs (Usowicz et al., 1992)
and can be effectively activated by depolarization and synaptic
stimulation (e.g., Eilers et al., 1995). In control mice, depolariza-
tion-evoked Ca2+ entry caused a transient ‘‘overcharging’’ of the
Ca2+ stores, as indicated by the transiently increased amplitudes
of the DHPG-evoked Ca2+ transients (Figure 5A). In STIM1pko
mice, depolarizing pulses produced Ca2+ transients that were
comparable to those observed in control mice (Figures 5A and
5B). Interestingly, however, DHPG applications evoked Ca2+
signals immediately after the depolarization but failed to be
effective at later time points (>5–6 min; Figures 6A and 6B).
Furthermore, the Ca2+ entry signal through voltage-gated Ca2+
channels also restored transiently DHPG-mediated inward cur-
rents in STIM1pko mice (Figures 6B and 6C), indicating the
dependence of TRPC3 channels on intracellular Ca2+. Together,
the experiments illustrated in Figures 5 and 6 demonstrate
that STIM1 is required for refilling of ER Ca2+ stores in nonfiring
neurons held at resting potential but has no major role in depo-
larization-evoked store refilling.
DISCUSSION
The results obtained in this study demonstrate that STIM1 is
required for refilling the Ca2+ stores in resting PNs and for
mGluR1-dependent synaptic transmission at parallel fiber-to-
PN synapses. We show that in mice with a PN-specific deletion
ofStim1 (STIM1pkomice), mGluR1-dependent synaptic signaling
is virtually abolished. Importantly, both the synaptically evoked
IP3R-dependent release of Ca
2+ ions from ER Ca2+ stores and
the TRPC3-mediated sEPSCs are affected. Finally, we found
that absence of STIM1 in PNs caused distinct alterations in
cerebellar motor coordination.
The scheme shown in Figure 7 summarizes the complex
actions of STIM1 in cerebellar PNs. Our results indicate that
STIM1 is required for the replenishment of Ca2+ stores in PNs
at resting potential and thus ensures the maintenance of the
intraluminal Ca2+ level in the absence of neuronal activity. By
contrast, voltage-gated Ca2+ channels (consisting in PNs
mostly of the P/Q or Cav2.1 type; Usowicz et al., 1992) can
also fill internal Ca2+ stores, but this effect is temporally linked
to the preceding neuronal activity (Figure 6) and serves the
transient supercharging of the ER Ca2+ stores. The existence
of a neuronal store-operated Ca2+ entry (SOCE) pathway in
mammals was previously observed in a neuronal cell line
(Clementi et al., 1992) and in neurons in primary cultures from
dorsal root ganglia (DRG) (Usachev and Thayer, 1999), as
well as in hippocampal (Bouron, 2000) and cortical neurons
(Yoo et al., 2000). Our results are consistent with STIM1Neuron 82, 635–644, May 7, 2014 ª2014 Elsevier Inc. 639
AB
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Figure 5. STIM1 Required for Refilling of
Dendritic Ca2+ Stores in PNs Held at Resting
Potential, –70 mV
(A) Top: color-coded confocal images of the den-
dritic field of a whole-cell clamped PN in a control
mouse. Bottom: calcium transient evoked by local
puffs of DHPG (200 mM, 50 ms, 10 psi). From left
to right: test stimulation with DHPG in ACSF
containing 2 mM Ca2+ (test, schematic pipette
indicates the site of application), followed by
DHPG-evoked responses in Ca2+-free ACSF at
times indicated in each panel.
(B) Similar experiment performed in a STIM1pko
mouse.
(C) Mean amplitude of DHPG-evoked Ca2+ tran-
sients plotted against time after return to Ca2+
containing ACSF for control (blue) and STIM1pko
mice (red). Values are shown as mean ± SEM. The
mean amplitudes (DF/F) of DHPG-evoked Ca2+
transients recorded before perfusion in Ca2+-free
ACSF were 222% ± 25% (n = 12 PNs) in control
and 20% ± 20% (n = 5 PNs) in STIMpko mice.
Neuron
STIM1 Controls Neuronal Ca2+ Stores and mGluR1activating Orai channels in central neurons (Gruszczynska-Bie-
gala et al., 2011; Klejman et al., 2009), with a predominant role
for Orai2 in refilling the ER Ca2+ stores in resting PNs (Fig-
ure S3). Such a STIM/Orai-dependent mechanism is in analogy
to what has been previously found and is well established in
nonexcitable cells (Feske et al., 2006; Mercer et al., 2006;
Soboloff et al., 2006; Vig et al., 2006). In the absence of
STIM1, ER stores become largely devoid of Ca2+ ions, and in
these conditions, mGluR1-mediated IP3 signaling fails to pro-
duce a Ca2+ release signal from ER stores (Figures 3B and
3C). In addition, the TRPC3-mediated slow EPSCs are largely
abolished (Figures 3B and 3C).
How does STIM1 interact with TRPC3 channels in PNs? Previ-
ous evidence indicates that mGluR1-dependent currents do not
require phospholipase C (PLC) (Canepari and Ogden, 2006;
Glitsch, 2010; Tempia et al., 1998) or IP3 receptors (Tempia
et al., 1998) and persist under conditions of ER store depletion
(Dzubay and Otis, 2002; Tempia et al., 2001). We now present
evidence that Ca2+ entry through voltage-gated Ca2+ channels
can restore TRPC3-mediated currents in STIM1-deficient PNs
(Figures 6B and 6C). The dependence of TRPC3 function on
intracellular Ca2+, which has not been recognized previously,
may serve as a coincidence detector to help boost mGluR1-
dependent synaptic potentials during normal parallel fiber-medi-
ated synaptic transmission, both through the concomitantly
occurring Ca2+ release signals from ER stores (Takechi et al.,
1998) and through depolarization-dependent Ca2+ entry (Eilers
et al., 1995). Elevated intracellular Ca2+ levels may represent
a critical factor that facilitates the interaction of STIM1 with
TRPC3 channels. Such a direct interaction is supported by
previous observations in cell lines, indicating that STIM1 can
gate TRPC3 channels through electrostatic interaction between
two aspartate residues in TRPC3 (697DD698) with two lysines in
STIM1 (684KK685) (Zeng et al., 2008).
Overall, our results indicate that important functions of
STIM1 that were previously recognized only in nonexcitable cells640 Neuron 82, 635–644, May 7, 2014 ª2014 Elsevier Inc.(Baba et al., 2008; Roos et al., 2005), apply, at least partially, also
to central neurons. However, in nonexcitable cells, TRPCs were
shown to act directly as store-operated channels (SOCs) when
interacting with STIM1 (Yuan et al., 2007) but as non-SOCs
when not associated with STIM1 (Baba et al., 2008). In PNs,
while Ca2+ release from stores persists in the absence of TRPC
channels (Hartmann et al., 2008), we now provide evidence
that STIM1 is required for store refilling and involved in
mGluR1-dependent TRPC3 activation. Interestingly, in pyrami-
dal neurons of the neocortex, STIM2, but not STIM1, was shown
to regulate ERCa2+ store replenishment (Berna-Erro et al., 2009).
A possible explanation for the difference between cerebellar
Purkinje and cortical neurons might be the difference in relative
expression levels of Stim1 and Stim2 in the different brain areas
(Lein et al., 2007).
In conclusion, our results identify STIM1 as one of the
missing intracellular links between mGluR1 and TRPC3. We
demonstrate that STIM1 is essential for slow excitatory synap-
tic potentials in PNs and for cerebellar motor control. Further-
more, we identify STIM1 as a regulator of Ca2+ homeostasis
that is essential for the maintenance of normal Ca2+ levels in
the endoplasmic reticulum. This function of STIM1 in central
neurons is somewhat unexpected in view of the abundant
expression of voltage-gated Ca2+ channels, particularly in den-
drites in which the channels underlie the generation of promi-
nent Ca2+ signals (Eilers et al., 1995). The fundamental mecha-
nisms by which STIM1 interacts with TRPC3 and Orai seem to
be largely similar to what has been found in nonexcitable cells
(Liao et al., 2008). A unique property of STIM1 function in cen-
tral neurons, however, is the high signaling speed in the milli-
second range and its coupling to a synaptic receptor protein.
Because of the wide distribution of mGluR1-dependent synap-
tic transmission throughout the mammalian brain (Niswender
and Conn, 2010), STIM1 may be a key regulator of Ca2+
signaling and synaptic transmission in many other types of cen-
tral neurons.
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Figure 6. STIM1-Independent, Depolarization-Induced Super-
charging of Ca2+ Stores and Ca2+ Dependence of TRPC3-Mediated
Currents
(A) Ca2+ transients and simultaneously recorded inward currents in a PN from
a control mouse in response to locally applied DHPG (200 mM, 50 ms) before
and at two time points (4 and 368 s, respectively) after a depolarizing pulse
(1 s, from 70 to 0 mV).
(B) Similar experiment performed in a PN from a STIM1pko mouse. Note
the transient rescue of both the Ca2+ signal and the inward current at short
intervals (4 s) after the depolarizing pulse.
(C) Left: summary graph of mean amplitudes of fluorescence signals before (1)
and 4 s (2) and >300 s (3) after depolarization in control (blue; 229% ± 27% [1],
320% ± 23% [2], 214% ± 31% [3]; n = 11 PNs) and STIM1pko (red; 47% ± 13%
[1], 150% ± 10% [2], 34% ± 8% [3]; n = 20 PNs) mice. Middle: summary graph
of mean amplitudes of inward currents at the same time points in control
(blue; 312 ± 80 pA [1], 357 ± 69 pA [2], 226 ± 56 pA [3]; n = 11 PNs) and
STIM1pko (red; 5 ± 2 pA [1], 85 ± 20 pA [2], 10 ± 7 pA [3]; n = 13 PNs) mice. Right:
bar graph showing mean fluorescence amplitudes associated with 1 s depo-
larization to 0 mV in the corresponding PNs (control mice: 210% ± 26%, n = 11
PNs; STIM1pko mice: 158% ± 21%, n = 20 PNs). Values are shown as mean ±
SEM. *p < 0.05; ** p < 0.001 by Dunnett’s test using amplitudes obtained
before depolarization as controls.
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Quantitative Rapid-Cycle Real-Time RT-PCR
Individual PNs and control material were harvested under visual control from
cerebellar slices. Rapid-cycle PCR reactions were performed as previously
described (Hartmann et al., 2004, 2008) (for more details, see the Supple-
mental Experimental Procedures).
Immunohistochemistry
Mice were lethally anaesthetized and transcardially perfused with 4% PFA
after a preflush of 10mMPBS. Brains were postfixed overnight, cryoprotected
in 30% sucrose in 10 mM PBS, and cut into 20-mm-thick cryostat sections.
Antigen unmasking was performed by microwaving for 5 min in 10 mM citrate
buffer. Sections were washed in 10 mMPBS, blocked for 1 hr at room temper-
ature in 0.3% Triton X-100, 10% normal goat serum, and 1%BSA, and stained
with antibodies overnight at 4C against STIM1 (rabbit, Cell Signaling, 5668;
1:800) and Calbindin (mouse IgG1, Sigma, 1:2,000). Sections were washed
in 10 mM PBS, incubated with suitable secondary antibodies coupled to
Alexa 594 or Alexa 488 (Invitrogen), and washed in 10 mM PBS. Slides were
coverslipped in Vectashield (Vectorlabs). All experimental procedures were
performed in accordance with institutional animal welfare guidelines and
were approved by the state government of Bavaria, Germany.
Generation of STIM1pko Mice
Mice in which exon 6 of the Stim1 gene was flanked by loxP sites (Baba et al.,
2008) were bred with mice that express the Cre gene under the control of
the GluD2 promoter (GluD2+/Cre mice; Yamasaki et al., 2011). The resulting
offspring was genotyped using PCR of genomic DNA extracted from the tail
by standard procedures. The wild-type Stim1 gene and the floxed Stim1
gene were recognized by the following primer pairs: S1-forward:: 50-CTGC
TGAGCTACACACATTCC-30, S1-reverse: 50-GCCTCAGTGCATTCCCAAGTG
CTAAG-30 (product length for wild-type: 750 bp, product length for floxed
Stim1: 600 bp) (Baba et al., 2008). Presence or absence of Cre was detected
using the primers Cre-forward: 50-GCCGAAATTGCCAGGATCAG-30 and
Cre-reverse: 50-AGCCACCAGCTTGCATGATC-30, respectively. Mice with a
homozygous expression of loxP sites and one Cre allele were classified as
PN type-specific STIM1 knockout (STIM1pko) mice and as controls when Cre
was absent from the genome.
Behavioral Tests
After habituation to the rotarod (Ugo Basile, 4600) STIM1pko and control mice
were tested twice a day at a time interval of 8 hr for 4 consecutive days. In
each session, the velocity of the rotation increased with a constant accelera-
tion of 9 rpm/min starting from 5 rpm. The elevated beam balancing test was
performed and analyzed as described previously (Hartmann et al., 2004).
Slice Preparation
Parasagittal cerebellar slices (300 mm) were prepared from adult mice. The
animals were decapitated following anesthesia with CO2, and the cerebella
were rapidly removed and placed in ice-cold artificial cerebrospinal fluid
(ACSF) containing (in mM): 125 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 1.25
NaH2PO4, 26 NaHCO3, 20 glucose, bubbled with 95% O2, and 5% CO2.
After cutting, slices were kept for 45 min at 34C and then for up to 6 hr at
20C in ACSF.
Electrophysiology
Whole-cell recordings from visually identified PN somata were performed
following standard procedures using an EPC9 patch clamp amplifier (HEKA).
Patch pipettes (3–4 MU) were pulled from borosilicate glass (Hilgenberg).
The internal solution contained (in mM): 148 potassium gluconate, 10 HEPES,
10 NaCl, 0.5 MgCl2, 4 Mg-ATP, 0.4 Na3-GTP, and 0.1 Oregon Green BAPTA-1
(Invitrogen) (pH 7.3).
Confocal Imaging
Imaging of transient Ca2+ changes in PN dendrites was started 25–30min after
establishing the whole-cell configuration. A multipoint confocal microscope
using dual spinning disc technology (QLC 100; VTi), attached to an uprightNeuron 82, 635–644, May 7, 2014 ª2014 Elsevier Inc. 641
Figure 7. Schematic Representation of the
Actions of STIM1 in Cerebellar Purkinje
Neurons
Neuron
STIM1 Controls Neuronal Ca2+ Stores and mGluR1microscope (E600FN; Nikon) and equipped with a 403 objective (NIR Apo,
NA 0.8; Nikon) was used to acquire fluorescence images from dendritic
fields in parallel to the patch clamp recordings. For confocal microscopy of
immunostained sections, we used an FV1000 (Olympus) slow-scanning
confocal microscope, equipped with 203 (NA 0.8oil) and 603 (NA 1.45oil)
Plan-Apochromat objectives (Olympus).
IP3 Uncaging
For photolytic uncaging experiments, the internal saline was supplemented
with NPE-IP3 (400 mM; Invitrogen). Uncaging was produced by directing the
output of a diode laser (Coherent Cube; 375 nm, 15 mW at the laser head)
onto the surface of the slice with the use of a tapered lensed optical fiber
(Nanonics; working distance 6 ± 1 mm, spot diameter 6 ± 1 mm).
Statistical Analysis
Student’s t test was used for statistical comparisons of mean values. Differ-
ences were regarded as significant for p < 0.05 (*) and highly significant for
p < 0.01 (**).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2014.03.027.
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